With a view to developing a new process for the production of metallic titanium (Ti) powder, the preform reduction process (PRP) based on the calciothermic reduction of Ti concentrates or ore (TiO 2 ) was investigated in this study. A Ti feed preform was fabricated at room temperature by casting and drying a prepared slurry that constituted a mixture of Ti concentrates (upgraded ilmenite (UGI), 97.1% TiO 2 ) or Ti ore (rutile, 96.4% TiO 2 with iron (Fe) as the major impurity), flux (CaCl 2 ), and binder. In some experiments, carbon (C) powder was added into the slurry for an efficient Fe removal. The fabricated feed preform was calcined at 1273 K for removing the water and binder present in the preform. During the calcination of the feed preform, some metal impurities such as Fe were removed by selective chlorination. Multiple pieces of the sintered preform were then reacted with metallic calcium (Ca) vapor at 1273 K in a stainless steel reaction vessel, and Ti oxide (TiO 2 ) in the preform was reduced to metal. After reduction, the reduced preform was subjected to a leaching process using an acetic acid solution and a hydrochloric acid solution in order to remove the by-product calcium oxide (CaO), excess reductant Ca, and other impurities in the sample. After leaching, the obtained powder was then rinsed and dried; this powder was shown to be metallic Ti with a purity of 99% up. It was experimentally demonstrated that PRP is a feasible technique to produce metallic Ti powder directly from Ti concentrates or ore.
Introduction
Titanium (Ti) is used in various fields from the aerospace industry, marine industry, and chemical plants to buildings, implants, the production of several consumer products, and so on because of its excellent physical and chemical properties. The demand for Ti metal or its alloys is increasing annually. Furthermore, Ti is the ninth most abundant element in Earth's crust, and it is far more abundant as compared to nickel (Ni, 24th most abundant) and chromium (Cr, 21st most abundant), which are essential elements in the production of stainless steel. Despite the abundant mineral resource and increasing demand for Ti metal or its alloys, the world production volume of Ti in 2004 was approximately 77 kt/ year, which is 1/14000 times less than the production of stainless steel and 1/400 times less than that of aluminum. [1] [2] [3] The major reason for this low production volume is the high production cost of Ti due to the low productivity of the current Ti smelting process-the Kroll process. 4) This high production cost is an impediment in the expansion of the production volume, and it hinders the widespread application of Ti.
The Kroll process, [4] [5] [6] [7] which is the current commercial Ti smelting process, involves three major steps: (1) the production of titanium tetrachloride (TiCl 4 ) by carbochlorination of the titanium feed (TiO 2 ) using chlorine (Cl 2 ) gas and carbon (C), (2) magnesiothermic reduction of the purified TiCl 4 ( Fig. 1(a) ), and (3) electrolysis of the molten salt, magnesium chloride (MgCl 2 ), obtained in the reduction process to regenerate Mg reductant and Cl 2 gas. The efficient circulation of Mg and Cl 2 is a characteristic feature of the Kroll process. In the reduction process, a sponge-like form of solid Ti-usually referred to as Ti sponge-and molten MgCl 2 are generated. In this process, a large amount of heat is generated during reduction, and it takes a long time to remove the by-product MgCl 2 and cool the reactor in order to recover the Ti sponge. It takes more than one week to produce 10 t of the Ti sponge in the reduction process even by utilizing modern large-scale facilities. [5] [6] [7] In this process, high-quality Ti metal can be produced because high-purity oxygen-free TiCl 4 is used as the starting material in the reduction; however, its production cost is high mainly due to the multistep, time-consuming, and high-temperature batchtype process. In addition, the Kroll process is complex, Fe contamination due to the reaction vessel is unavoidable, and chloride wastes are generated in the chlorination process, which causes serious environmental problems.
Given the abovementioned background, many researchers around the world are attempting to develop a new Ti smelting process in which metallic Ti of the requested specification can be produced with a high productivity and low cost. Some of the representative processes under development are the FFC process, 8) OS process, 9) EMR/MSR process, 10) ESR process, 11) and the preform reduction process (PRP).
12) The first four processes are based on the electrochemical method that employs molten salt and in which titanium oxide (TiO 2 ) is used as the starting material ( Fig. 1(b) ). Although it has been anticipated that electrochemical methods have the potential to substitute the Kroll process, several technical problems have to be resolved before commercial-scale production can commence. For example, a large amount of molten salt is required, and the reduction process is slow under a low energy efficiency. Furthermore, purity control is difficult and the process lacks the flexibility to be scaled up.
In the recent years, Okabe et al. 12) developed the PRP ( Fig. 1(c) ) for producing high-purity metallic Ti powder by reducing TiO 2 with Ca vapor. In their study, high-purity metallic Ti powder (up to 99% pure) was obtained. To the best of our knowledge, no research on the production of Ti powder directly from Ti concentrates or ore (TiO 2 ) has been carried out in the past.
On the basis of the abovementioned background, the production of high-purity Ti powder by the calciothermic reduction of Ti concentrates or ore using the PRP 12) was investigated in this study.
Principle of PRP
The principle of PRP is based on the metallothermic reduction of TiO 2 , which is expressed by the following reaction. It is well known that a large amount of oxygen dissolves into Ti to form an interstitial solid solution, and it is difficult to remove the dissolved oxygen in solid Ti because the thermodynamic stability of interstitial oxygen in a Ti lattice is extremely high. [13] [14] [15] Figure 2 shows the Ellingham diagrams of some selected oxides. In the figure, the solid solutions of Ti-O containing 1, 0.1, and 0.01 mass% oxygen are also plotted. [15] [16] [17] The figure shows that TiO 2 can be reduced only by a few reactive metals, such as Ca and Mg, and the reductivity of Ca as a reductant is higher than that of Mg. The oxygen level in solid Ti can be reduced to 500 ppm 16, 17) if metallic Ca exists in the system at 1273 K. On the contrary, it is impossible to obtain low-oxygen Ti when Mg is used as the reductant. Furthermore, as shown in Fig. 3 , the vapor pressure of Ca is 0.024 atm 14) at elevated temperatures of 1273 K, which is very high; it can be supplied as a vapor. In addition, there is no alloy or solid solution between Ti and Ca 13) and the solubility of CaO in acids is high. 4) These facts indicate that Ca vapor is suitable for reducing the TiO 2 feed in the preform. The overall reaction of the reduction process can be expressed as follows: As shown in Fig. 4 , the PRP consists of four major steps: (1) preform fabrication using a mixture of Ti concentrates or ore, flux: CaCl 2 , and a binder at room temperature; (2) calcination of the preform at an elevated temperature; (3) reduction by Ca vapor at an elevated temperature; and (4) leaching at room temperature. It is noteworthy that CaCl 2 was used as the flux because the oxygen in Ti could be extracted as CaO that dissolves into molten CaCl 2 at elevated temperatures. 17) As compared to the electrochemical processes in which molten salt is used, [8] [9] [10] [11] the amount of flux (or molten salt) used in the reduction process can be decreased substantially in the PRP because the flux is used only for facilitating a homogenous reduction and maintaining the mechanical strength of the preform. In addition, contamination from the reactor can be prevented and purity can be controlled because the surface of the sample that is in contact with the reactor is small. Furthermore, PRP is suitable for producing high-purity Ti powder directly from Ti concentrates or ore when de-ironization is carried out efficiently, and it possesses a flexible scalability.
In this study, Ti concentrates (up-graded ilmenite (UGI)) or Ti ore (rutile ore) were used as the starting material. A fundamental study on a process for producing pure Ti powder [14] [15] [16] [17] directly from the concentrates or ore was investigated with the purpose of developing a new Ti smelting process with a high productivity and low cost and the details will be reported in this paper.
Experimental
The materials used in this study and the composition of the Ti concentrates (UGI: 97.1% TiO 2 ) or Ti ore (rutile ore: 96.4% TiO 2 ) are listed in Tables 1 and 2 , respectively. Some representative experimental conditions are summarized in Table 3 . In a typical experiment, the feed preform (40 Â 10 Â 2 mm) was fabricated from a slurry that was prepared by mixing approximately 5$8 g of natural rutile ore (major impurities: Fe, 2.27%), 1$4 g of CaCl 2 (95.0%) as the flux, and collodion (a mixture of 5% nitrocellulose, 47.5% ethanol, and 47.5% diethylether solution) as the binder. In some experiments, carbon (C) powder (99.9%) was added into the feed preform; this new step was employed in this process for achieving an efficient Fe removal from the feed preform. In order that the feed preform can be produced with a certain mechanical strength, the amount of CaCl 2 was controlled. As shown in Table 3 , the concept of the cationic molar ratio, R Cat./Ti ¼ N Cat. =N Ti , was introduced, where N Cat. and N Ti are the mole amounts of the cation in the flux and Ti, respectively. In this study, the value of R Cat./Ti is controlled between 0:2$0:4, which was found to be a suitable ratio for the production of the preform with a sufficient mechanical strength for handling purposes. Then, the fabricated preform was heated at 1273 K for 1$2 h in order to remove the Fe from the Ti concentrates or ore by the selective chlorination method and the binder and water present in the preform. A schematic illustration of the experimental apparatus used for reduction is shown in Fig. 5 . In this reduction step, multiple pieces of the sintered preform (15$30 g in total) and calcium shots ($60 g, approximately twice that of the stoichiometric amount) were placed in a stainless steel reaction vessel (I.D. 67 Â 150 mm). Several lumps of Ti sponge were placed at the bottom of the reaction vessel for gettering nitrogen gas in the system. The reaction vessel was then heated at 1273 K for 6$10 h in order to reduce the TiO 2 by Ca vapor. After the reduction, the reaction vessel was removed from the furnace and quenched in water. The preform in the reaction vessel was mechanically recovered at room temperature and subjected to a leaching process. In the leaching process, the sample obtained from the reduction process was reacted with 50% acetic acid solution for 6 h and 20% hydrochloric acid solution for 1 h in order to remove the by-product CaO and the excess reductant Ca present in the sample. Further, the sample was rinsed thrice with distilled water, twice with isopropanol, and once with acetone at room temperature. Finally, the obtained powder was dried in a vacuum dryer. The obtained samples were characterized by analytical Table 2 ). c: Determined by energy dispersive spectrometer (EDS). d: Natural rutile ore produced in South Africa (See Table 2 ). e: Determined by X-ray fluorescence analysis (XRF), and the value excludes carbon and gaseous elements. f: Natural rutile ore produced in South Africa after pulverization (See Table 2 instruments, e.g., X-ray fluorescence analysis (XRF), X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS).
Results and Discussion

Observation of the preforms
It was found that the viscosity of the slurry can be controlled by varying the amount of the ratio of the flux to the binder when fabricating the preform. A proper amount of flux (R Cat./Ti ¼ 0:2$0:4) is beneficial to improve the porosity of the sintered preform. A large amount of flux (R Cat./Ti > 0:4) is not suitable for enhancing the porosity because a solid sintered preform with low porosity was obtained after calcination when the amount of flux was too high. Figure 6 shows the photo image of the samples obtained after each step. As shown in Fig. 6(b) , a sintered preform with pores on the surface and inside was obtained after calcination. After reduction by Ca vapor, the size of the pores increased and the obtained preform was slightly deformed, but it maintained its original shape (Fig. 6(c) ). Some small metal drops (excess metallic Ca) were deposited inside the reactor after reduction. Fine silver-colored metal, which was considered to be excess reductant Ca, was distributed inside the as-reduced preform. It was found that it was easy to recover the preform from the reaction vessel because it maintained its shape and it was placed in the steel net and physically isolated from the reaction vessel. This indicates that the PRP is suitable for separating the feed material from the reactor materials and it is easy to control contamination from the reaction vessel. In most cases, the preform was directly charged into the leaching process after reduction. In some cases, the obtained hard sample was crushed roughly into small-sized particles for the subsequent leaching treatment. Figure 7 shows the XRD patterns of the samples obtained in experiment C-2 (See Table 3 ) before calcination, after calcination, after reduction, and after leaching. CaCl 2 Á(H 2 O) 4 was detected in the samples both before and after calcination, which was attributed that CaCl 2 was hydrated in the atmosphere when handling. After the reduction, the product Ti, reductant Ca, and by-product CaO were detected; after leaching, Ca and CaO were removed and only -Ti was detected in the obtained powder. These observations indicate that TiO 2 was reduced by Ca vapor and metallic Ti was obtained in the form of a powder. In some experiments (e.g., Exp. D-2), the CaTiO 3 phase was also identified in the sample after calcination. The formation of CaTiO 3 is partly due to the removal of Fe from the feed preform by a selective chlorination reaction. [18] [19] [20] TiFe x O y ðsÞ þ CaCl 2 ðg; lÞ ! FeCl z ðgÞ þ CaTiO 3 ðsÞ ð3Þ
Phases in the preforms
Composition of the obtained powder after leaching
The analytical results of the obtained powder after leaching are listed in Table 3 . In most experiments, the purity of the Ti powder obtained after leaching was up to 98%, and the concentration of Fe was removed such that it was less than 0.23%. A reduction time of 6 h was sufficient for obtaining Ti powder because there was no significant difference between the purity of the Ti powder thus obtained as compared to that of the Ti powder obtained after a longer reduction time. These results demonstrate that metallic Ti powder with 98% up was obtained successfully in nearly all of experiments, and the reduction time (6 h) employed in this study was sufficient for producing metallic Ti powder with a purity of 98%.
Morphology of the samples
Microscopic images of the samples obtained from each step were observed by using SEM. Figure 8(a) shows the image of a mixture of rutile ore and CaCl 2 flux. After calcination, a sintered preform was obtained and no solidified CaCl 2 was observed as shown in Fig. 8(b) . After reduction, preform with micro-pores was obtained (Fig. 8(c)) ; the generation of these pores is considered to be beneficial in the further reduction of the preform by Ca vapor. Coral-like structures were observed in the Ti powder obtained after leaching. The diameter of the primary particle of Ti powder is approximately 2$5 mm (Fig. 8(d) ).
Figures 9 and 10 show the XRD patterns and SEM images of the powder obtained after leaching on using UGI and rutile ore, respectively. The powder obtained in both the experiments were identified as metallic Ti. This indicates that the PRP is suitable for directly producing pure Ti powder with 98% purity from either Ti concentrates (UGI) or Ti ore (rutile ore). Tables 4 and 5 , respectively. As shown in the tables, a high concentration of Ti is obtained in both the experiments (99.1% and 98.2%, respectively) after leaching. The concentration of Fe after calcination decreased from 1.07% to 0.42% in Exp. C-7 and from 1.36% to 0.13% in Exp. D-2. This indicates that Fe can be successfully removed during the calcination step, and the introduction of C powder into the feed preform was found to be beneficial in the removal of Fe from the concentrates or ore. Furthermore, when the calcination time was 1 h, it was discovered that C remained in the obtained Ti powder in the form of TiC in some preliminary experiments. However, when the calcination time was 2 h, no C residual was found in the obtained Ti powder. This result indicates that a calcination time of 2 h in air is sufficient for the removal of C contained in the feed preform. Detailed mechanism of the contribution of C to Fe removal by selective chlorination could not be identified and currently under investigation. In addition, the concentration of Fe in the Ti powder obtained after leaching increased slightly as compared to that in the sintered preform after calcination. It is considered that the Fe in the sample was alloyed with Ti after reduction for an extended duration and the Fe remained in the sample. The It is noteworthy that this PRP is an extremely fast process for producing metallic Ti from the oxide feed as compared to the current process that is based on chloride metallurgy.
Conclusions
The preform reduction process (PRP) was investigated for directly producing high-purity metallic Ti powder from Ti concentrates (UGI) or Ti ore (rutile ore). Experiments on the calciothermic reduction of UGI and rutile ore were carried out, the feasibility of directly producing high-purity metallic Ti powder (99% pure) from UGI and rutile ore by the PRP was demonstrated. Furthermore, Fe can be successfully removed by selective chlorination in the calcination step and Fe removal can be improved when C powder is added into the feed preform. a: Determined by X-ray fluorescence analysis (XRF), and the value excludes carbon and gaseous elements. b: Natural rutile ore produced in South Africa after pulverization (See Table 2 ). Ã : Not detected. 
